While it has long been known that the reduction of nitrite to nitric oxide (NO) forms ironnitrosyl-myoglobin and is the basis of meat curing, a greater biological activity of the nitrite anion has only recently been appreciated. In the stomach, NO is formed from acidic reduction of nitrite and increases mucous barrier thickness and gastric blood flow (see the related study beginning on page 106). Nitrite levels in blood reflect NO production from endothelial NO synthase enzymes, and recent data suggest that nitrite contributes to blood flow regulation by reaction with deoxygenated hemoglobin and tissue heme proteins to form NO.
The identification of nitrite (NO 2 -) as the active ingredient in red meat-curing procedures dates to the late 19th century. J.S. Haldane, father of J.B.S. Haldane and famous for the description of the "Haldane effect," whereby hemoglobin's affinity for carbon dioxide is reduced by oxygen binding and vice versa, was the first to demonstrate that the addition of nitrite to hemoglobin produced a nitric oxide (NO)-heme bond, called iron-nitrosyl-hemoglobin (HbFe II NO). Hoagland confirmed this and suggested that the reduction of nitrite to NO by bacteria or enzymatic reactions in the presence of muscle myoglobin formed iron-nitrosyl-myoglobin (1) . It is nitrosylated myoglobin that gives cured meat, including hot dogs, their distinctive red color, and protects the meat from oxidation and spoiling ( Figure 1 ).
Nitrate reductase activity of saliva
In the first half of this century scientists discovered that saliva contains high levels of both nitrite and nitrate (NO 3 -). Studies of 15 NO 3 -ingestion in rats and humans suggest that an oral nitrate load is absorbed in the upper small intestine, after which 70% is excreted in the kidney and 25% is actively concentrated into saliva at tenfold its levels in plasma (recently reviewed by Duncan et al. in ref. 2) . One and a half liters of saliva bathes the tongue daily, and salivary nitrate is rapidly reduced to nitrite by the nitrate reductase enzyme systems of commensal bacteria living in the posterior tongue epithelial clefts. In the current issue of the JCI, Björne and colleagues (3) measured salivary nitrite levels of fasting individuals and again after an oral nitrate load. The levels of salivary nitrite in fasting individuals were approximately 43 µM and increased to 2 mM after an oral nitrate load. This corresponds to the active reduction of approximately 20% of salivary nitrate to nitrite. The bacteria-derived nitrate reductase activity of human saliva can be inhibited by short courses of antibiotics (4), oral antiseptic mouthwashes (5) , and filtering of saliva to remove bacteria (6) .
Nitrite acidification in the stomach generates gastroprotective NO Acidified nitrite in the stomach can nitrosate thiols, forming S-nitrosothiols, and nitrosate amines, forming N-nitrosamines, but in the presence of electron donors such as ascorbate or excess nitrite, the acidified nitrite largely generates NO gas (7) (8) (9) . NO appears to play an important role in gastric mucosal defence, increasing mucosal blood flow and increasing mucous production (10, 11, and recently reviewed in ref. 12) . It is this protective effect of NO that forms the rationale for ongoing clinical trials of novel aspirin-NO donor agents, designed to limit gastric and duodenal ulceration associated with the use of nonsteroidal anti-inflammatory drugs. In addition to the effects of NO on mucosal integrity, acidified nitrite has bacteriocidal activity against Yersina, Salmonella, and Escherichia coli bacterial species (2) . The lack of oral bacterial flora in newborns may be counterbalanced by the presence of xanthine oxido-reductase in breast milk, a human enzyme homologous to bacterial nitrate reductase, which has been shown to reduce nitrate and nitrite to NO (13) (14) (15) It should be noted that the gastroprotective effects of nitrite appear to outweigh the theoretical risk of nitrosamine carcinogenesis, a risk that has not been substantiated by numerous epidemiological studies (16) (17) (18) .
The current study by Björne and colleagues (3) extends and synthesizes these disparate studies, elegantly showing that human saliva, after an oral nitrate load equivalent to 150-300 grams of spinach, contains micromolar concentrations of nitrite. The addition of human saliva to rat stomach mucosal preparations (treated with HCl or pentagastrin) induced the production of NO gas and S-nitrosothiol and increased both mucosal blood flow and mucous thickness. These effects were reproduced following direct administration of nitrite itself or the NO donor sodium nitroprusside and were dependent on the activation of soluble guanylyl cyclase. Production of gastric NO was also observed 2 hours after the in vivo treatment of rats with an oral nitrate load. While it has long been known that the reduction of nitrite to nitric oxide (NO) forms iron-nitrosyl-myoglobin and is the basis of meat curing, a greater biological activity of the nitrite anion has only recently been appreciated. In the stomach, NO is formed from acidic reduction of nitrite and increases mucous barrier thickness and gastric blood flow (see the related study beginning on page 106). Nitrite levels in blood reflect NO production from endothelial NO synthase enzymes, and recent data suggest that nitrite contributes to blood flow regulation by reaction with deoxygenated hemoglobin and tissue heme proteins to form NO.
this work rests on the use of human saliva as the "NO donor agent" and documentation of a potent effect of this substrate on mucosal blood flow and mucous production.
Nitrite as a biomarker of endothelial NO synthase activity These data are consistent with an expanding appreciation of the role of nitrite in physiology and global blood flow regulation. In human plasma, low levels of nitrite are formed from the auto-oxidation of NO, which is produced by endothelial NO synthase:
-+ NO + (NO + can form S-nitrosothiols and N-nitrosamines)
The relative stability of nitrite, compared with that of NO itself, has resulted in reported mammalian plasma nitrite levels ranging from 150 nM to 1 µM (19-21). However, nitrite is oxidized to nitrate by a reaction with oxyhemoglobin with a half-life of approximately 11 minutes. Thus, in order to measure physiological nitrite levels, plasma must be separated from erythrocytes immediately after blood sampling. Therefore, the relative stability of nitrite compared with that of NO and the elimination of nitrite by chemical reaction with hemoglobin create a species that can serve as a marker of acute NO synthase activity. Kelm and colleagues have demonstrated that nitrite levels present in venous blood reflect acute changes in NO synthase activity during both activation and inhibition, and plasma levels of nitrite are reduced by 70% in both endothelial NO synthase knockout mice and mice treated with the NO synthase inhibitor nitro-L-arginine methyl ester (known as L-NAME) (22, 23) . Nitrate, on the other hand, has a relatively long half-life and is excreted mainly by the kidneys, and its levels are affected by both renal function and diet, confounding its use as a biomarker of NO production.
Nitrite as a vasodilator
Nitrite has been traditionally considered an end-product metabolite of NO reactions with oxygen and without intrinsic vasodilatory activity. However, recent studies from our group have revealed a striking effect of nitrite infusions on forearm and systemic blood flow (24) . We infused supraphysiological (200 µM forearm vein nitrite concentrations) and near-physiological (2 µM) concentrations of sodium nitrite into the brachial arteries of 28 normal human volunteers. Blood flow significantly increased in all subjects and was associated with the formation of NOmodified hemoglobin (iron-nitrosylhemoglobin and, to a lesser extent, S-nitroso-hemoglobin). The formation of NO-modified hemoglobin was inversely correlated with hemoglobin oxygen saturation, consistent with a reaction of nitrite with deoxyhemoglobin to produce NO. These results were recapitulated in aortic ring preparations, in which the addition of nitrite to deoxyhemoglobin and deoxygenated erythrocytes resulted in vessel relaxation. This observation can be explained by a reaction between nitrite and deoxyhemoglobin to form NO, a chemical reaction first described in 1981 by Doyle and colleagues (25) , and supports the idea of a novel function for nitrite in the regulation of hypoxic vasodilation. 
Nitrite therapeutics?
Our new understanding of the role of nitrite in the physiological regulation of gastric barrier integrity and hypoxic vasodilation presents novel therapeutic opportunities. Can oral nitrite be administered for gastric ulcer prophylaxis to endotracheally intubated critically ill patients, thus obviating the need for acid-suppressive therapies that increase the risk of nosocomial pneumonia? Can nitrite infusions be used for selective NO delivery to ischemic sites at high risk for ischemia-reperfusion injury, such as cardiac and limb tissue after revascularization procedures? Nitrite infusions seem ideally suited for the treatment of hemolytic conditions associated with scavenging of NO by cell-free plasma hemoglobin, such as sickle cell disease or 20 The Journal of Clinical Investigation | January 2004 | Volume 113 | Number 1
Figure 1
The broad biological activity of the nitrite anion. Nitrite levels in blood reflect NO production from endothelial NO synthase enzymes. Furthermore, nitrite contributes to blood flow regulation by reaction with deoxygenated hemoglobin and tissue heme proteins to form NO. In the stomach, NO is formed from acidic reduction of nitrite and increases mucous barrier thickness and gastric blood flow. Finally, the reaction of nitrite to form NO and iron-nitrosyl-myoglobin forms the basis of meat curing. sGC, soluble guanylyl cyclase.
New viruses shake old paradigms
Tumor viruses cause at least 15% of human cancers. These oncogenic viruses have been identified by the retention of their genomes in precursors to tumor cells and in frank tumor cells. Two members of the herpesvirus family, Kaposi sarcoma-associated herpesvirus (KSHV) and Epstein-Barr virus (EBV), are human oncogenic viruses. Herpesviruses kill infected host cells during the production of progeny virus; the generation of virus would have to be avoided in order for infected cells to be sustained as tumors. KSHV and EBV cause several human lymphomas, and these tumor cells conform to our expectations: the tumor cells maintain the viral DNA extra-chromosomally, they express few viral genes, they rarely support virus production, and thus they are classified as being infected latently. However, KSHV-associated Kaposi sarcoma (KS), the cancer for which this virus is named, does not so obviously conform to our expectations. Instead, lytic replication of KSHV is usually found in some cells within KS lesions. KS lesions contain both spindleshaped endothelial cells that are latently infected with KSHV as well as cells that support the production of progeny virus. In this issue of the JCI, Grundhoff and Ganem document a striking feature of infection with KSHV, which may provide part of the reason for the lytic replication KSHV undergoes in some cells of KS lesions (1) . The authors exposed multiple human and murine cell lines and a primary human endothelial cell strain to KSHV and showed that cells are infect-cardiopulmonary bypass (26) . While powders of nitrite salts are present on almost every laboratory bench in the world, and nitrite anion preparations are currently available for human infusion in cyanide antidote kits, further clinical work is needed to address the safety and efficacy of this agent for the treatment of specific human diseases. At the very least, perhaps we should avoid mouthwash and feel slightly less guilty about eating hot dogs at the ball park.
